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The bubble-free and pulse-free fluid delivery is critical to reliable operation of

microfluidic devices. In this study, we propose a new method for stable bubble-free

and pulse-free fluid delivery in a microfluidic device. Gas bubbles are separated

from liquid by using the density difference between liquid and gas in a closed

cavity. The pulsatile flow caused by a peristaltic pump is stabilized via gas

compressibility. To demonstrate the proposed method, a fluidic chamber which is

composed of two needles for inlet and outlet, one needle for a pinch valve and a

closed cavity is carefully designed. By manipulating the opening or closing of the

pinch valve, fluids fill up the fluidic chamber or are delivered into a microfluidic

device through the fluidic chamber in a bubble-free and pulse-free manner. The

performance of the proposed method in bubble-free and pulse-free fluid delivery is

quantitatively evaluated. The proposed method is then applied to monitor the

temporal variations of fluidic flows of rat blood circulating within a complex

fluidic network including a rat, a pinch valve, a reservoir, a peristaltic pump, and

the microfluidic device. In addition, the deformability of red blood cells and

platelet aggregation are quantitatively evaluated from the information on the

temporal variations of blood flows in the microfluidic device. These experimental

demonstrations confirm that the proposed method is a promising tool for stable,

bubble-free, and pulse-free supply of fluids, including whole blood, into a

microfluidic device. Furthermore, the proposed method will be used to quantify the

biophysical properties of blood circulating within an extracorporeal bypass loop of

animal models. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4863355]

I. INTRODUCTION

Microfluidic devices, which have distinctive advantages over conventional methods, have

been successfully demonstrated for various applications in drug delivery,1–5 accurate dispens-

ing,6 analytical devices,7–9 clinical diagnostics,10–13 point-of-care-testing,14,15 and cell

studies.16–18 Based on fluid transport in microfluidic channels, the microfluidic devices can

achieve their unique functions such as manipulation,19–22 mixing,23–25 and analysis.26,27

However, these devices encounter several problems including clogging,28,29 leakages,30

unwanted bubble accumulations,31 and unstable fluidic flows32 in the course of determining the

biophysical properties of cells.33 Among these issues, bubble-free and pulse-free fluid delivery

has been considered as essential for reliable operation of microfluidic devices. Air bubbles from

several sources, including sample perfusion, tube connections, and variations in temperature

and pressure, are occasionally introduced in a microfluidic device. Owing to surface tension of
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liquid-air interface, air bubbles cause to distort or impede fluidic flows in the microfluidic chan-

nel and lead to serious cell damage. During the trapping and removal process of air bubbles,

unstable liquid flows occur inside the microfluidic channels. In addition, a peristaltic pump,

which is commonly used in microfluidic devices, induces unstable fluid delivery. These unstable

liquid flows in the microfluidic channel, i.e., the inconsistent behaviour of test fluids, cause the

microfluidic device to encounter some errors. Thus, to achieve satisfactory performance and

consistent function of a microfluidic device, test fluid should be delivered in a bubble-free and

pulse-free manner.

Previous studies have introduced several bubble-free techniques for cell cultures in a

microfluidic device, because air bubbles are cytotoxic to cells and affect cell viability adversely.

For example, ultrasonic-driven degassing,34 buoyance of air bubbles,31,35 bubble trap,36–38 and

porous membrane39–42 have been used to avoid air bubble accumulation in microfluidic chan-

nels. Furthermore, an active bubble removal technique using an external vacuum pump was

suggested to remove air bubbles completely within a short period (�min).37,38,41 However, loss

of sample liquids occurs during active bubble removal using a vacuum pump. In addition, real-

time monitoring of fluidic flows is required for the immediate removal of the air bubbles that

abruptly appear in a microfluidic channel.

Although these methods have been successfully demonstrated in the trapping or removal of

air bubbles, they still have technical limitations in ensuring consistent fluidic flows. That is,

these bubble removal techniques cannot be considered as ideal solutions to ensure consistent

fluidic flows in a microfluidic channel because small air bubbles disturb or impede liquid flows

in the microfluidic channel during their removal. The performance of the microfluidic device is

likely to deteriorate because of unstable fluid flows in the microfluidic channel. Therefore, a

flow stabilization technique is essential to provide reliable fluidic flows in microfluidic devices.

Several methods, including flexible membranes in series32 or parallel,43 air compressibility,44

and active membrane control,45,46 have been suggested for consistent fluidic delivery into a micro-

fluidic device. The compliance effect resulting from membrane deflection facilitates stabilization

of the fluctuations in fluidic flows. Although these methods can deliver test fluids consistently,

they do not take a part in avoiding delivery of air bubbles into a microfluidic channel. Therefore,

for consistent delivery of liquids into a microfluidic device, air bubbles should be trapped or

removed before entering into a microfluidic device. Simultaneously, flow disturbances and unsta-

ble fluctuations should be minimized during the trapping or removal of air bubbles.

In this study, we propose a new fluidic device for the bubble-free and pulse-free fluid

delivery into microfluidic environments. The proposed method is based on bubble separation

using density difference and flow stabilization using air compressibility. The proposed method

can supply liquids into a microfluidic device in a bubble-free and pulse-free manner. Taking

into account the fact that most previous methods were incapable of supplying fluids into a

microfluidic device in a bubble-free and pulse-free manner, we believe that the proposed

method has distinctive advantages because of its ability to deliver liquids into a microfluidic de-

vice consistently and reliably. First, the proposed approach can deliver test samples into a

microfluidic device without air bubbles and noticeable pulses. Second, this method does not

require flow control devices, such as pressure controller or a vacuum pump. The liquid loss

incurred from vacuum pump operation can be avoided. Third, the proposed technique does not

require the real-time monitoring of fluidic flows in a microfluidic channel. Finally, the proposed

method can minimize the back flow induced by peristaltic pump operation in a microfluidic

channel because the inlet is disconnected from the outlet. Thus, the proposed method facilitates

the reliable and consistent performance of the microfluidic device.

The performance of the proposed method is quantitatively evaluated for the bubble-free

and pulse-free delivery functions separately. After its feasibility and usefulness are verified, the

proposed method is applied to monitor the temporal variations of the fluidic flows of rat blood

circulating in a complex fluidic network, which includes a rat, a pinch valve, a reservoir, a peri-

staltic pump, and a microfluidic device. Lastly, the temporal variations of the blood flows are

used to evaluate deformability of red blood cells (RBCs) and platelet aggregation in a micro-

fluidic device.
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II. PROPOSED FLUIDIC CHAMBER FOR BUBBLE-FREE AND PULSE-FREE FLUID

DELIVERY

In this study, we propose a simple but effective fluidic chamber for bubble-free and pulse-

free fluid delivery into a microfluidic environment. The proposed method simultaneously

employs the density difference-based bubble separation for bubble-free delivery and the air

compressibility-based flow stabilization technique for pulse-free delivery. Depending on density

difference between liquid and gas, gas bubbles are partially segregated in a specific-sized cavity

of the fluidic chamber. Liquid droplets fall down on the gas-liquid interface because of gravity

effect. After penetrating into the liquid, the dissolved gas bubbles in the liquid droplet are com-

pletely separated by the buoyancy effect and then released to the gas layer. Meanwhile, unsta-

ble fluidic flows caused by a peristaltic pump or gas bubbles are sufficiently stabilized by

employing the compliance effect that results from gas compressibility in the closed cavity.

Thus, for reliable operation of the microfluidic device, the proposed method can supply test

samples into a microfluidic device in a bubble-free and pulse-free manner.

To demonstrate the proposed method, a fluidic chamber, which is composed of two needles

for inlet and outlet, one needle for a pinch valve and a specific-sized cavity, is carefully

designed. By manipulating the pinch valve as the flow controller, test liquid fills up the fluidic

cavity and is then supplied into the microfluidic device. To avoid liquid loss from the fluidic

chamber, the pinch valve is positioned sufficiently above the inlet needle. In addition, because

the inlet needle and outlet needle are disconnected vertically, the back flow caused by the peri-

staltic pump has a negligible influence on the fluid delivery into the microfluidic device.

As illustrated in Fig. 1A, the proposed fluidic chamber is connected to a complex fluidic net-

work that includes a rat, a pinch valve, a reservoir, a peristaltic pump, and the microfluidic device.

Rat blood flows from the femoral artery into a reservoir by adjusting the pinch valve. The rat

blood within the reservoir is then supplied into the fluidic chamber using a peristaltic pump (MP-

1000, Tokyo Rikakikai Co., Japan). During rat blood perfusion using the peristaltic pump, pulsa-

tile and back flows occur. Oxygen bubbles are continuously generated because of the squeeze

motion of RBCs in the peristaltic pump. Thus, rat blood and oxygen bubbles are sequentially

supplied into the fluidic chamber. After passing through the inlet needle of the proposed fluidic

chamber, gas bubbles are spread in the spacious cavity. A droplet including rat blood and oxygen

bubbles is formed on the tip of the inlet needle. This droplet falls down on gas-liquid interface in

the cavity. When the droplet penetrates into the blood preserved in the cavity, the oxygen bubbles

are then separated into the gas phase. Thus, rat blood is delivered into the microfluidic device

because oxygen bubbles are separated in the proposed fluidic chamber. In addition, unstable flow

fluctuations, including pulsatile and back flows, are completely stabilized by the compliance effect

resulting from oxygen-gas compressibility. Thereafter, rat blood is exclusively delivered into the

microfluidic device in a bubble-free and pulse-free manner.

The transport of test fluid in the proposed fluidic chamber is controlled by the opening or

closing of the pinch valve. To avoid the problem of serious gas bubble delivery into the micro-

fluidic device, the cavity of the fluidic chamber is sufficiently filled with liquid by opening the

pinch valve [Fig. 1B-a]. During this process, the liquid is not supplied into the microfluidic de-

vice because the pressure conditions at inlet and outlet of the microfluidic device are the same.

Thus, the liquid volume in the cavity increases while gas leaks out through the pinch valve.

The pinch valve is kept open until the cavity is filled with liquid up to a specific volume

(Vliquid) [Fig. 1B-b]. After the pinch valve is closed, the liquid flows into the microfluidic de-

vice because of the pressure difference between the fluidic chamber and microfluidic device

[Fig. 1B-c].

In the fluidic chamber, the droplet impact behavior on the gas-liquid interface and bubble

separation is visualized by using a high-speed camera (FASTCAM SA1.1, Photron, USA). Fig.

1C shows sequential images illustrating the dynamic behavior of impact droplet and gas bubble

separation with respect to time [(a) t¼ 0, (b) t¼ 4 ms, (c) t¼ 6 ms, (d) t¼ 9 ms, (e) t¼ 15 ms,

(f) t¼ 45 ms, (g) t¼ 210 ms, and (h) t¼ 290 ms]. As expected, the gas bubbles are separated

from the liquid and floated toward the gas-liquid interface.
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As a preliminary demonstration of the proposed method, a microfluidic network is estab-

lished by connecting the proposed fluidic chamber to a microfluidic analogue of the

Wheastone-bridge channel, as shown in the inset of Fig. 1D. For convenience, the cavity vol-

ume within the proposed fluidic chamber is designed to be 1 ml (Vcavity¼ 1 ml). To deliver the

test fluid in gas-blood phase into the proposed fluidic chamber, blood (RBCs in phosphate buf-

fered saline (PBS) suspension, Hct¼ 40%) is supplied at a flow rate of 2 ml/h (QBlood¼ 2 ml/h)

using a syringe pump (neMESYS, Cetoni GmbH, Germany). Air bubbles are delivered by a

peristaltic pump at the rotating speed of 3 (x¼ 3). The test fluid comprising blood with air bub-

bles is supplied into the proposed fluidic chamber. Because air bubbles are separated from the

test fluid in fluidic chamber, blood is only delivered into the inlet (A) of the microfluidic de-

vice. To monitor the fluidic behavior of the test fluid in the microfluidic channel, 1� PBS

FIG. 1. Schematics of the proposed fluidic device for bubble-free and pulse-free fluid delivery into a microfluidic device.

(A) The fluidic device is composed of two needles for the inlet and the outlet, one needle for the pinch valve and a specific-

sized cavity. During the perfusion of rat blood, oxygen bubbles and pulsatile flows are caused by a peristaltic pump.

Through the proposed fluidic device, oxygen bubbles are completely separated from rat blood. Thus, rat blood is consis-

tently supplied into the microfluidic device. (B) By manipulating the pinch valve, rat blood fills up the cavity of the fluidic

chamber or is delivered into the microfluidic device. (a) After the pinch valve is opened, the fluidic chamber is filled with

rat blood. (b) The pinch valve remains open until the cavity is filled with rat blood, up to a volume of Vliquid. (c) Rat blood

is supplied into the microfluidic device by closing the pinching valve. (C) Microscopic images captured consecutively with

a high-speed camera show the separation of gas bubbles from a droplet of liquid with respect to time [(a) t¼ 0, (b) t¼ 4 ms,

(c) t¼ 6 ms, (d) t¼ 9 ms, (e) t¼ 15 ms, (f) t¼ 45 ms, (g) t¼ 210 ms, and (h) t¼ 290 ms]. (D) Temporal variations of the

blood-filled width (aBlood) in the right-side channel, depending on the manipulation of the pinch valve [(a) “open” for filling

up fluid, (b) to (c) “closed” for delivering fluid, and (d) “open” again for filling up fluid].
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solution is supplied as reference fluid at the flow rate of QPBS¼ 2 ml/h into the inlet (B) of the

microfluidic device using a syringe pump. Temporal variations of the interfacial position

between test fluid and reference fluid (aBlood) are quantitatively evaluated based on the micro-

scopic images captured consecutively using a high speed camera (PCO, Germany).

Fig. 1D shows the periodic variations of the interfacial position (aBlood) depending on the

manipulation of the pinch valve. After the pinch valve is opened, the flow rate of blood is fixed

as 50 ml/h, to fill up the cavity sufficiently within a short period. The fluidic chamber tends to

be filled with test fluid and some air-bubbles are discharged [Fig. 1D-a]. According to

flow-pattern analysis, the aBlood remains constant. This result indicates that the test fluid is not

supplied into the microfluidic device, despite the high flow rate. After the test fluid volume

reaches approximately 0.6 ml (Vliquid, max¼ 0.6 ml) for 34 6 2.84 s, the pinch valve is closed

[Fig. 1D-b]. As expected, air bubbles are completely trapped, and only blood is supplied into

the microfluidic device. In the proposed fluidic chamber, temporal variations of the interfacial

position (aBlood) are stable, after exhibiting transient behaviors owing to air compliance result-

ing from air compressibility. During the perfusion of test fluid, the blood volume is decreased,

because air bubbles continuously enter into the fluidic chamber. Blood delivery is nearly con-

sistent for 133 6 2.8 s, until the blood volume is decreased to 0.1 ml (Vliquid, min¼ 0.1 ml)
[Fig. 1D-c]. Taking into account the fact that air fills up 0.5 ml within the cavity for a specific

delivery time period, the flow rate of the air supplied by the peristaltic pump is estimated to be

15.34 6 0.43 ml/h. Thereafter, to prevent air bubbles into the microfluidic device, blood is filled

up to Vliquid, max, at the flow rate of 50 ml/h, by opening the pinch valve [Fig. 1D-d].

This preliminary demonstration shows that the proposed fluidic chamber can prevent deliv-

ery of air bubbles into the microfluidic device, through proper manipulation of the pinch valve.

In addition, blood is delivered into the microfluidic device consistently and stably.

III. MATERIALS AND METHODS

A. Fabrication of the proposed fluidic chamber and microfluidic device

A plunger rod in a syringe (1 ml) is carefully fixed to maintain a specific cavity volume

(Vcavity). After the plastic cap of the steel needle (23 gauge) is removed, two needles for the

inlet and pinch valve are inserted into the syringe tube as shown in Fig. 1A. Epoxy is used to

fix the needles. A pinch valve is installed in the middle of a flexible tube (ID¼ 500 lm), which

is connected to the needle for the pinch valve. The proposed fluidic chamber is prepared after

two needles for inlet and outlet are connected to the flexible tubes.

A microfluidic device is designed to have two inlets (A and B) and outlets (A and B), two

identical side channels (width¼ 1000 lm), and one bridge channel (width¼ 100 lm) connecting

the two side channels. The channel depth is fixed at 50 lm. To prepare the microfluidic device

based on a soft lithography process, a silicon molder is fabricated using MEMS technologies.

After polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning, USA) is poured on the silicon

molder and cured at 80 �C for 3 h, a PDMS block is peeled off from the silicon molder. After

oxygen plasma treatment, the microfluidic device is prepared by bonding the PDMS block on

the glass substrate.

B. Experimental setup and image processing

The microfluidic device is mounted on an optical microscope (Nikon, Tokyo, Japan)

equipped with a charged coupled device (CCD) camera (PCO, Germany) or a stereo microscope

(Stemi 2000-C, Zeiss, Germany) equipped with a digital camera (D700, Nikon, Japan). Using

commercial software (Matlab, Mathworks, USA), temporal variations of the fluid flows in the

microfluidic channel are quantitatively evaluated using microscopic images captured consecu-

tively by the CCD camera or the digital camera. In this study, gray image or color image is

converted into a binary image by adopting the Otsu’s method. After determining the region of

interest (ROI) for each image, fluid flows in the microfluidic channel are quantitatively ana-

lyzed with respect to time. Depending on experimental conditions, blood sample as test fluid is
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supplied by using a peristaltic pump (MP-1000, Tokyo Rikakikai Co., Japan) or a syringe pump

(neMESYS, Centoni Gmbh, Germany). In addition, PBS solution (pH 7.4, Bio Solution, Korea)

is delivered as reference fluid using the syringe pump. All experiments are conducted at con-

stant room temperature (25 �C).

C. Sample preparation

The human blood samples tested in this study were provided by a blood bank (Daegu-

Kyeongbuk Blood Bank, Korea). The hematocrit of blood samples was adjusted to 40% by

carefully adjusting the RBCs or PBS solution. To evaluate the temporal variations of blood

flows attributed to deformability of RBCs, the membrane of RBCs is chemically fixed by main-

taining RBCs in PBS solution containing concentrations of glutaraldehyde (GA) [(a)

CGA¼ 0.13%, (b) CGA¼ 0.25%] at 25 �C for 10 min.

D. Preparation of rat model and extracorporeal rat-bypass loop

In this study, all experiments using animal models are conducted according to “the test

guidelines on the use of laboratory animals” issued by the POSTECH Ethics Committee. A

male Sprague–Dawley rat (14 weeks old, 0.362 kg body weight) is anesthetized with an intra-

muscular injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). To prevent blood clotting

in vascular vessels, heparin (1000 IU/ml/kg) is injected through the tail vein. After waiting for

10 min from the heparin injection, a left femoral artery is cannulated with one end of a polyeth-

ylene tube (ID¼ 580 lm) filled with heparin (10 IU/ml). The other end of the polyethylene tube

is connected to a reservoir. A pinch valve is used to regulate the blood flow from the rat. The

other polyethylene tube (ID¼ 500 lm) is used to connect the reservoir to the proposed fluidic

device and the microfluidic device. After an extracorporeal rat-bypass loop is established, the

rat blood in the reservoir is delivered into the microfluidic device using the peristaltic pump. At

the end of each experiment, the rat model is sacrificed under an anesthetic state according to

the “test guidelines of laboratory animals.”

IV. RESULTS AND DISCUSSION

A. Bubble-free fluid delivery

To demonstrate the bubble-free delivery of the proposed fluidic chamber, human blood and

air bubbles are simultaneously delivered into the proposed fluidic chamber. As shown in Fig.

2A-a, air bubbles are delivered into the inlet (A) of the microfluidic device by operating the

peristaltic pump, at a pumping speed of 1.6 (x¼ 1.6). The blood sample is supplied into the

inlet (B) of the microfluidic device, at a flow rate of 3 ml/h (QBlood¼ 3 ml/h) using the syringe

pump. Because the outlet (A) was closed, air unexceptionally enters into the right-side channel.

Blood and air bubbles are sequentially moved from the outlet (B) to the proposed fluidic cham-

ber, as shown in Fig. 2A-b. According to the proposed method, air bubbles are separated from

the blood sample completely. Therefore, blood is only delivered into the microfluidic device

consistently. For this experimental demonstration, the cavity volume of the fluidic device is set

to 0.5 ml (Vcavity¼ 0.5 ml). When the inlet (B) and the outlet (B) of the microfluidic device are

closed as shown in Fig. 2A-c, blood flows only along the left- side channel.

To evaluate quantitatively the delivery of air bubbles into the microfluidic device from the

proposed chamber, the area filled with blood (/Blood) in a ROI (460 � 600 pixels) is calculated

from each microscopic image using commercial software. Fig. 2B shows temporal variations of

the area filled with blood in the ROI when the proposed fluidic chamber is not used. Insets (a)

to (c) present the microscopic images of the area filled with blood and air bubbles with respect

to the blood-filled area /Blood [(a) /Blood¼ 1, (b) /Blood¼ 0.5, and (c) /Blood¼ 0.2]. As

expected, air bubbles are sequentially delivered into the microfluidic device, which interrupts

blood flows in the microfluidic channel. Meanwhile, Fig. 2C shows temporal variations of

blood volume (VBlood) inside the proposed fluidic chamber and blood-filled area (/Blood) in the

ROI of the microfluidic device. Because the fluidic device is sufficiently filled with blood
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sample for 191 s, blood is delivered only into the microfluidic device in a bubble-free manner.

Thus, the microfluidic channel is filled with pure blood. The blood area remains constant (i.e.,

/Blood¼ 1). Taking into account the fact that air bubbles fill up 0.25 ml for 191 s, the flow rate

of air bubbles delivered by the peristaltic pump is estimated as 4.71 ml/h. However, air bubbles

invade into the microfluidic channel, when the blood in the proposed fluidic chamber is empty.

The area filled with blood in the ROI (/Blood) is changed, depending on blood volume in the

proposed fluidic chamber (Vliquid).

These experimental results show that the proposed method can effective supply fluids into

the microfluidic device in a bubble-free manner, under the condition of sufficient blood volume

in the proposed fluidic chamber.

B. Pulse-free fluid delivery

To demonstrate the pulse-free delivery of the proposed fluidic chamber, pulsatile blood

flows were induced by using a peristaltic pump. As shown in Fig. 3A, the experimental setup

was composed of several components, including a microfluidic device, a proposed fluidic cham-

ber, a peristaltic pump for a pulsatile-flow delivery of blood, a syringe pump for consistent

delivery of PBS solution, and a microbalance (AP250D, Ohaus, USA) for flow-rate measure-

ment. Blood (RBCs in PBS suspension, Hct¼ 40%) was supplied from the reservoir into the

proposed fluidic chamber by using the peristaltic pump. Simultaneously, to monitor blood flow

in the microfluidic channel, the PBS solution was delivered at a constant flow rate (QPBS) using

the syringe pump. By applying the proposed method, pulsatile flow-rate of blood was stabilized

and the test sample was consistently supplied into the inlet (A) of the microfluidic device. The

blood-filled width (aBlood) in the right-side channel of the microfluidic channel was evaluated

FIG. 2. Quantitative evaluation of bubble-free fluid delivery into a microfluidic device. (A) Schematics of experimental

setup used to demonstrate bubble-free fluid delivery. The proposed fluidic system is composed of three components; (a) a

microfluidic device for test blood with air bubbles, (b) the proposed fluidic chamber for bubble-free delivery, and (c) a

microfluidic device for monitoring delivery of air bubbles. After the inlet (B) and the outlet (B) are closed, blood flows in

the left- side channel are analyzed using microscopic images captured by a high speed camera. (B) Temporal variations of

the area filled with blood (/Blood) in a ROI of the left-side channel, without the proposed fluidic device. Insets show micro-

scopic images of the microfluidic channels filled with blood and air bubbles with respect to blood-filled area (/Blood) [(a)

/Blood¼ 1, (b) /Blood¼ 0.5, and (c) /Blood¼ 0.2]. (C) Temporal variations of the blood volume (VBlood) in the proposed flu-

idic chamber and the blood-filled area in the ROI in the left-side channel of the microfluidic device.
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by varying the pumping speed of the pump (x) and the air-filled volume in the proposed fluidic

chamber (Vair). After the inlet (B) and the outlet (B) of the microfluidic device were closed,

mass variations were measured using a RS-232C communication device positioned between a

computer and the microbalance, at a time interval of 1 s. The flow rate of blood (QBlood) was

then calculated using the mass data measured consecutively at time interval (Dt). QBlood is

given as QBlood¼ 1/q�Dm/Dt. In this study, the parameters q and Dm denote the density and

mass variation, respectively. To quantify the pulsatile flow-rate of blood delivered by the peri-

staltic pump, the temporal variations of aBlood were measured under varying pumping speed

ranging from 2 to 5 (x¼ 2 to 5). To ensure that the interface between blood and PBS solution

was located in the right-side channel, the corresponding flow rate of the PBS solution (QPBS)

for each pumping speed (x) was adjusted as (a) QPBS¼ 1 ml/h for x¼ 2, (b) QPBS¼ 1.5 ml/h
for x¼ 3, (c) QPBS¼ 2 ml/h for x¼ 4, and (d) QPBS¼ 2.5 ml/h for x¼ 5. As shown in Fig. 3B,

the blood-filled width in the right-side channel (aBlood) was changed periodically, at a pumping

speed of 2 (x¼ 2).

Fig. 3C represents the variations of blood flow rate (QBlood) measured by the microbalance

and period (T) of the blood-filled width with varying pumping speed of the peristaltic pump

(x). As a result, the period (T) is decreased significantly from 3.93 6 0.24 s to 0.88 6 0.05 s, as

pumping speed increases. In addition, the flow rate of blood increases linearly from

4.22 6 0.77 ml/h to 20.98 6 3.84 ml/h, with increasing pumping speed from 2 to 5 (i.e., x¼ 2

to 5). To quantify the effect of air-filled volume (Vair) on the flow stabilization, a time constant

(sf) was estimated by measuring change in the flow rate of blood under sudden changes in

pumping speed from x¼ 4 to x¼ 0. As shown in Fig. 3D, the time constant tends to increase

FIG. 3. Quantitative evaluation of the pulse-free fluid delivery based on air compressibility within the proposed fluidic de-

vice. (A) Schematics of experimental setup used to demonstrate pulse-free fluid delivery. The fluidic system is composed

of a microfluidic device, the proposed fluidic chamber, a peristaltic pump for pulsatile delivery of blood, a syringe pump

for steady delivery of PBS solution, and a microbalance for flow-rate measurement. (B) Temporal variation of the blood-

filled width (aBlood) in the right-side channel. The peristaltic pump operates at a pumping speed of 2 (x¼ 2), and the sy-

ringe pump is set to send PBS solution at a flow rate of 1 ml/h (QPBS¼ 1 ml/h). (C) Variations of blood flow rate (QBlood)

and the period (T) of the blood-filled width with respect to the pumping speed of the peristaltic pump (x). (D) Variations of

time constant (sf) with respect to air-filled volume (Vair) in the proposed fluidic chamber. (E) Quantitative comparison of

aBlood without the proposed method (Vair¼ 0) and with the proposed method (Vair¼ 0.5 ml), at the pumping speed of

x¼ 2. (F) Variations of aBlood and COV with respect to the pumping speed (x). (G) Temporal variations of aBlood, with

and without the proposed method, at the pumping speed of x¼ 2 for 1400 s.
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gradually from 1.62 6 0.1 s (Vair¼ 0) to 181.48 6 10.79 s (Vair¼ 2 ml) with increasing air-filled

volume (Vair) in the proposed fluidic chamber. That is, the flow stabilization effect is enhanced

by increasing the air-filled volume in the fluidic chamber. In this test, the air-filled volume is

set to 0.5 ml, which corresponds to the time constant of 57.83 6 2.66 s.

Figs. 3E and 3F show the effects of air compressibility on the flow stabilization. In this

study, blood was delivered at a pumping speed of 2 (x¼ 2). Periodic variations in the blood

flow rate were completely removed by employing the proposed fluidic chamber. The blood-

filled width (aBlood) remained constant, without respect to the pumping speed (x). To quantify

the effect of the proposed method on flow stabilization, the coefficient of variance (COV) was

calculated using the information on blood flow rate. As a result, the COV decreased from

19.1% to 0.2% after the proposed method is applied. In addition, to evaluate the reliability of

the proposed method, the blood-filled width (aBlood) was monitored for 1400 s at a time interval

of 1 s. As shown in Fig. 3G, by using the proposed method, the blood-filled width remained

constant. The COV decreased from 25.5% to 2.3%. Thus, the proposed method can provide

bubble-free fluid delivery into the microfluidic device with sufficient reliability. These experi-

mental results lead to a conclusion that the proposed method is capable of delivering fluids into

a microfluidic device, with consistency and reliability, even for periodically varying blood

flows.

C. Oxygen bubble-free and pulse-free delivery of rat blood

During rat blood perfusion by a peristaltic pump, the pulsatile blood flow contains oxygen

bubbles. Thus, the pulsatile flows and oxygen bubbles should be removed to ensure reliable

operation of a microfluidic device.47 As shown in Fig. 4A, to demonstrate the bubble-free and

pulse-free delivery of rat blood into the microfluidic device, two proposed fluidic chambers

were connected to a complex fluidic network including a rat, a pinch valve, a reservoir, a

microfluidic device, a peristaltic pump, and a syringe pump. The cavity volume in the proposed

fluidic chamber was set to 0.5 ml. The flow rate of the PBS solution was maintained at 3 ml/h.

FIG. 4. Performance demonstration of the proposed fluidic device for bubble-free and pulse-free delivery of rat blood into

a microfluidic device. (A) Schematic diagram for delivering rat blood circulating in a complex fluidic network including a

rat, a pinch valve, a reservoir, two proposed fluidic chambers, a microfluidic device, a peristaltic pump, and a syringe

pump. The flow rate of PBS solution is maintained at 3 ml/h. The peristaltic pump is operated at a pumping speed of x¼ 2.

Oxygen bubble-free delivery and pulse-free blood-flow are evaluated using the blood-filled area (/Blood) and the

blood-filled width (aBlood) in the microfluidic device. (B) Comparison of /Blood in the left-side channel, with and without

the proposed method. (C) Temporal variations of aBlood in the right-side channel, with and without the proposed method.
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The peristaltic pump was operated at a pumping speed of x¼ 2. The rat blood in the fluidic

chamber was filled up to a volume of 0.25 ml, by manipulating the pinch valve. The delivery of

oxygen bubbles into the microfluidic device was monitored by checking the area filled with

blood (/Blood) in a ROI in the left-side channel. In addition, the pulsatile flow rate of rat blood

was evaluated using the blood-filled width (aBlood) in the right-side channel.

Fig. 4B compares the temporal variations of /Blood in the left-side channel, with and with-

out proposed fluidic chamber. Without the proposed fluidic device, the microfluidic channel

was partially filled with oxygen bubbles. Sequentially, the bubbles were migrated along the

microfluidic channel. Insets (a) to (c) represent typical microscopic images with respect to

blood-filled area (/Blood) [(a) /Blood¼ 1, (b) /Blood¼ 0.85, and (c) /Blood¼ 0.72]. In this dem-

onstration, oxygen bubbles filled up to 40% of specific regions, without the proposed fluidic

chamber. However, by applying the proposed fluidic chamber, the blood-filled area (/Blood)

remained constant (i.e., /Blood � 1). This result supports that the proposed fluidic chamber is

effective for the bubble-free delivery of rat blood. Fig. 4C compares the temporal variations of

aBlood in the right-side channel, with and without proposed fluidic chamber. Without the pro-

posed fluidic chamber, the blood-filled width (aBlood) unstably varied owing to the operational

characteristics of the peristaltic pump and the presence of oxygen bubbles in the microfluidic

channels. However, by employing the proposed fluidic device, the blood-filled width remained

constant (i.e., aBlood � 0.71).

These experimental results show that the proposed fluidic chamber is effective in the

bubble-free and pulse-free delivery of rat blood, particularly under peristaltic perfusion.

D. Variation in blood flow due to RBCs deformability

To assess the deformability of RBCs based on the temporal variations of blood flow in a

microfluidic channel, the two proposed fluidic chambers (Vcavity¼ 1 ml and VBlood¼ 0.25 ml)
were employed for the consistent delivery of blood and PBS solution, as shown in Fig. 5A. In

this study, PBS solution was consistently supplied to monitor blood flow, while interface

between two fluids in the upper-side channel of the microfluidic channel was measured. Blood

sample and PBS solution were supplied into the inlets (A and B) of a microfluidic device, at

the same flow rate (QPBS¼QBlood), using the syringe pump. The microfluidic device was

designed to have a side-channel width of 243 lm (Ws¼ 243 lm) and one bridge channel width

of 50 lm (Wb¼ 50 lm). By closing the outlet (A), all blood samples injected through the inlet

(A) were passed through the narrow bridge channel. These samples then invaded into the

upper-side channel. Thus, the upper-side channel was partially filled with blood sample and

PBS solution. The blood-filled width (aBlood) in the upper-side channel was used to evaluate the

differences in blood flows, depending on the deformability of RBCs in the blood samples.

As shown in Fig. 5B, to evaluate the changes in blood flows with respect to blood flow

rate (QBlood¼ 1-7 ml/h), variations of blood-filled width (aBlood) were measured for normal

human blood (RBCs in PBS suspension, Hct¼ 40%). The inset of Fig. 5B represents the tempo-

ral variations of blood-filled width (aBlood) at a flow rate of 3 ml/h. The aBlood remains constant

(i.e., aBlood
S¼ 0.617 6 0.002), after exhibiting transient behaviors, even under bubble-free and

pulse-free conditions. This result implies that RBCs in blood do not interrupt blood flows in the

microfluidic channels. The blood-filled width under the steady-state condition (aBlood
S) remains

consistent, without respect to blood flow rate ranging from 1 ml/h to 7 ml/h (QBlood¼ 1 ml/h to

7 ml/h). When the blood flow rate exceeds 1 ml/h, blood behaves as a Newtonian fluid because

the shear rate is considerably higher than 103. Under such high shear rate (_c> 103 s�1), the

deformability of RBCs has a dominant influence on blood viscosity. Thus, taking into account

the fact that blood viscosity is proportional to blood-filled width (i.e., lBlood� aBlood),48–50 the

viscosity ratio of blood in relation to PBS solution is approximately estimated as 1.6 (i.e.,

lBlood/lPBS¼ 1.6). This blood viscosity ratio can be used to evaluate the RBC deformability of

human blood samples. For convenience, flow rates of blood and PBS solution were fixed at the

same flow rate of 1 ml/h (QBlood¼QPBS¼ 1 ml/h) in the comparative studies for chemically

fixed RBCs and rat bloods. At first, to demonstrate the variations of fluidic flows attributed to
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deformability, blood samples with hardened RBCs (hardened RBCs in PBS suspension,

Hct¼ 40%) were prepared by conducting chemical fixation of normal RBCs using two different

concentrations of GA (CGA¼ 0.13 and CGA¼ 0.25%).

Fig. 5C shows temporal variations of the blood-filled width (aBlood) for two hardened

blood samples. The aBlood of the hardened blood sample fixed by the GA (0.13%) was signifi-

cantly larger than that of normal blood sample. This result indicates that blood viscosity

increases with decreasing deformability of RBCs. After 80 s, the value of aBlood becomes unsta-

ble, which indicates that the hardened blood might interrupt fluidic flows in the narrow bridge

channel. For the hardened blood sample that was chemically fixed by the GA (0.25%), micro-

scopic images (a) to (d) show fluidic flows with respect to time [(a) t¼ 0.3 s, (b) t¼ 1 s,

(c) t¼ 7.5 s, and (d) t¼ 18.5 s]. Due to lower deformability of RBCs, the hardened blood sam-

ple was clogged in the bridge channel after 20 s. As the hardened blood sample did not pass

through the upper-side channel, the blood volume (VBlood) in the proposed fluidic chamber is

increased with respect to time. No blood leakage occurred at the inlet (A), even when blood

clogged in the bridge channel. The blood-filled width (aBlood) was then analyzed using two rat

blood samples extracted from two rats (A and B). The aBlood of rat blood (A) remained con-

stant after exhibiting transient behavior. The variation trend of aBlood is similar to that of

human blood, as shown in Fig. 5B. However, the blood-filled width of the rat blood (B)

showed unstable behaviors and decreased to zero after the bridge channel was clogged at

t¼ 82.2 6 26.7 s (n¼ 5). The deformability of the rat blood A was significantly better than that

of rat blood B.

FIG. 5. Evaluation of RBC deformability using temporal variations of blood flows in a microfluidic channel. (A)

Schematics of experimental setup which is composed of a microfluidic device, two proposed fluidic chambers, and two sy-

ringe pumps. The microfluidic device is designed to have side channel width of 243 lm (Ws¼ 243 lm) and bridge channel

width of 50 lm (Wb¼ 50 lm). To move all blood samples into the narrow bridge channel, the outlet (A) is closed. (B)

Variation of blood-filled width (aBlood
S) under steady-state condition with respect to blood flow rate (QBlood)

(QBlood¼ 1 ml/h to 7 ml/h). Normal blood and PBS solution are delivered at the same flow rate (QBlood¼QPBS). The inset

indicates the temporal variations of blood-filled width (aBlood), at the blood flow rate of 3 ml/h. (C) Temporal variations of

the blood-filled width (aBlood) for blood samples which are chemically hardened by applying two concentrations of GA

(0.13% and 0.25%). Microscopic images (a)–(d) show fluidic flows of blood hardened by the GA (0.25%) with respect to

time [(a) t¼ 0.3 s, (b) t¼ 1 s, (c) t¼ 7.5 s, and (d) t¼ 18.5 s]. (D) Temporal variations of the blood-filled width (aBlood) for

two rat blood samples (A and B).
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From these experimental results, we conclude that the proposed fluidic chamber can be

used to evaluate the changes in deformability of blood samples that pass through narrow micro-

fluidic channel.

E. Variation in blood flows by platelet aggregation

Platelet aggregation usually occurs and adheres on the surfaces, at local positions of high

shear-rate (_c> 4000 s�1).51 It causes progressive obstruction in blood flows in the local region.

To monitor the temporal variations of blood flows caused by platelet aggregation in a microflui-

dic channel, we established an experimental setup including two proposed fluidic devices

(Vcavity¼ 0.5 ml and Vair¼ 0.25 ml), a microfluidic device, and two syringe pumps, as shown in

Fig. 6A. To induce platelet aggregation in the microfluidic channel, rat blood was extracted

from a rat. For comparison, the control blood sample without platelets was prepared by remov-

ing platelets from the extracted rat blood. The hematocrit of each rat blood sample was care-

fully adjusted to 40%. To induce high shear rate in the microfluidic channel, a test channel

between the inlet (A) and the left-side channel was designed to have 100 lm width

(WN¼ 100 lm). Rat blood and PBS solution were delivered into the inlets (A and B), at the

same flow rate of 3 ml/h. The shear rate in the test channel was approximately estimated as 3

� 104 s�1 using the wall shear rate formula for a rectangular channel.48 As the interface

between blood and PBS solution was positioned in the right-side channel because blood viscos-

ity was larger than that of PBS solution, the blood-filled width (aBlood) in the right-side channel

was employed to monitor the temporal variations of blood flows.

Fig. 6B shows the temporal variations of the blood-filled width (aBlood) for rat blood and

rat blood without platelets. The aBlood for rat blood tends to increase over time. Microscopic

images (a) to (c) show typical flow patterns of rat blood with respect to time [(a) t¼ 20 s, (b)

t¼ 60 s, and (c) t¼ 100 s]. The inset (d) indicates that platelet aggregation is randomly distrib-

uted in both channels, after being induced in the test channel. However, the aBlood for rat blood

without platelets is remained consistent after transient behaviors. For this case, there is no plate-

let aggregation in the microfluidic channels, as shown in inset (e) of Fig. 6B.

FIG. 6. Quantitative evaluation of platelet aggregation by using temporal variations of fluidic flows in a microfluidic chan-

nel. (A) Schematics of the experimental setup which is composed of two proposed fluidic chambers, a microfluidic device,

and two syringe pumps for supplying blood and PBS solution. (B) Temporal variations of the blood-filled width (aBlood) for

the rat blood and rat blood without platelets. Microscopic images (a) to (c) show flow patterns of rat blood with respect to

time [(a) t¼ 20 s, (b) t¼ 60 s, and (c) t¼ 100 s]. Inset (d) exhibits platelet aggregation of rat blood in the microfluidic chan-

nels. However, inset (e) indicates no platelet aggregation in the microfluidic channels when platelets are removed from the

rat blood sample.
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From this experimental result, we find that the temporal variations of blood-filled width in

the right-side channel of the microfluidic device can be used to evaluate the level of platelet

aggregation of blood samples.

V. CONCLUSION

In this study, we proposed a new method for the bubble-free and pulse-free fluid delivery

into microfluidic devices. By applying the proposed method, gas bubbles were successfully sep-

arated from liquids owing to density difference between liquid and gas. In addition, pulsatile

flows caused by a peristaltic pump were consistently stabilized by using the air compliance

resulting from gas compressibility. To demonstrate the proposed method, we carefully designed

a simple, but effective fluidic-chamber composed of two needles for inlet and outlet, one needle

for a pinch valve and a specific-sized closed cavity. The pinch valve is served as a fluid con-

troller to fill or supply liquids into a microfluidic device. To demonstrate the usefulness of the

proposed fluidic chamber, the performance of bubble-free and pulse-free fluid delivery was

evaluated quantitatively. As a result, the proposed method was useful in supplying fluids into

the microfluidic device in a bubble-free manner, particularly when sufficient blood volume was

preserved in the proposed fluidic chamber. The pulsatile flows caused by a peristaltic pump

were consistently stabilized by employing the proposed fluidic chamber. After its feasibility and

usefulness were verified, the proposed method was applied to monitor the temporal variations

of fluidic flows of rat blood circulating in a complex fluidic network. The experimental results

proved that the proposed method is effective for bubble-free and pulse-free delivery of rat

blood. In addition, RBC deformability and platelet aggregation could be evaluated using the in-

formation on the temporal variation of blood flows in the microfluidic channel. Based on the

these experimental results, the proposed method was found to be a promising tool for the effec-

tive supply of liquids, including bloods, into a microfluidic device in a bubble-free and pulse-

free manner. In the near future, the proposed method will be applied to evaluate the hemorheo-

logical properties and hemodynamic properties of blood flows in a rat model with circulatory

vascular diseases by using a microfluidic platform.
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